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Rice (Oryza sativa L.) is vital to food security for much of the world. The United States accounts for a relatively small portion of world production but ranked fifth worldwide in rice exported in 2014 (USDA-ERS 2014) . Recently, U.S.-grown long-grain rice has faced increased marketing challenges in relation to quality factors such as chalkiness (McClung 2013) .
With respect to appearance, kernel dimensions and chalkiness impact rice quality (Lisle et al. 2000; Bergman et al. 2004; USDA-FGIS 2009) , and increased chalkiness may affect sensory and cooking properties and end-use functionality of rice (Kim et al. 2000; Lisle et al. 2000; Ashida et al. 2009; Chun et al. 2009 ). However, the primary indices used to assess rice quality are from a milling perspective, comprising milled rice yield (MRY) and head rice yield (HRY). MRY represents the mass fraction of unprocessed, rough rice that remains as milled rice, which includes both head rice and broken kernels. HRY represents the mass fraction of rough rice that remains as head rice, synonymous with whole kernels (USDA-FGIS 2009 ) and defined as the well-milled rice kernels three-fourths or more of the original kernel length, with "well-milled" referring to the degree of milling and defined as the extent of bran removal from brown rice during the milling operation.
Immature, fissured, and chalky kernels may reduce milling yields. Harvesting prematurely at elevated harvest moisture contents (HMCs) can lead to increased immature kernels (Kocher et al. 1990) , which can break during milling. Delaying harvest, with consequently decreasing HMC, has also been shown to reduce HRY (Kester et al. 1963; Calderwood et al. 1980; Geng et al. 1984; Dilday 1989) . However, such harvest delays are prevalent, most often a result of logistical issues or of extended in-field drying to reduce postharvest drying costs. Siebenmorgen et al. (2007) indicated a HMC range of 19-22% (wet basis) as optimal for maximizing HRY of long-grain rice grown in the mid-south United States. When harvesting rice below optimal HMCs, the potential for kernel breakage during milling increases with exposure to rapid moisture adsorption events and subsequent kernel fissuring . In addition to the increased potential for fissuring, harvesting rice below 15% HMC has been shown to reduce agronomic yield as a result of shattering and lodging (Lu et al. 1995) .
Chalkiness is linked to the process of starch accumulation in the rice endosperm (Kim et al. 2000; Lisle et al. 2000; Patindol and Wang 2003; Ashida et al. 2009; Patindol et al. 2014) . In addition to the previously mentioned marketing issues, chalkiness leads to increased breakage during milling, thus reducing HRY (Counce et al. 2005; Lanning et al. 2011) . Whereas chalkiness of rice is affected by climate during reproductive growth (Counce et al. 2005; Ambardekar et al. 2011; Lanning et al. 2011) , chalkiness may also be affected by production management. In terms of nitrogen management, Ahmad et al. (2009) showed that increasing the N rate resulted in decreased opaque (chalky) kernels. Nangju and De Datta (1970) reported increased milling quality of chalky rice cultivars in response to increased N fertilizer rates, but they did not directly report chalkiness levels in the remaining head rice. Reports indicate a positive relationship between increased milling yields and increased protein content resulting from increased N application (Nangju and De Datta 1970; Seetanun and De Datta 1973; Perez et al. 1996; Ghosh et al. 2004; Ahmad et al. 2009 ). Dilday (1988) surmised that increased HRY associated with increasing N application could result from increased protein content and improved structural integrity of the rice kernel. In terms of harvest management, Kester et al. (1963) reported fewer chalky kernels in early harvested rice compared with late-harvested rice.
Cooking quality and end-use functionality are impacted by the highly variable nature of rice starch (Bergman et al. 2004) . In addition, paste viscosities (cooking quality) of rice have been shown to decrease with increased protein content (Martin and Fitzgerald 2002) and increased chalkiness (Ashida et al. 2009 ). When compared with chalky kernels, Singh et al. (2003) attributed the firmer texture of cooked, translucent rice kernels to greater amylose content. Thus, N rate and HMC may impact not only milling yields but also end-use functionality of rice by altering the protein content and chalkiness.
Although the impacts of N rate and HMC on milling yields have been separately reported, little research has been reported detailing the interrelated manner in which these management factors affect kernel physicochemical properties and end-use functionality of rice. Thus, a multiyear field study was conducted to determine the impacts of HMC and N fertilizer management, and their potential interaction, on the physicochemical properties and milling yields of rice.
MATERIALS AND METHODS
Cultural Management. The field study was conducted in 2011, 2012, and 2013 near Stuttgart, Arkansas, at the University of Arkansas Rice Research and Extension Center. Individual plot area was 8.4 m 2 , 1.8 m wide and 4.9 m long. Three long-grain cultivars (Cheniere, Wells, and CL XL745) were used each year of the study. In May of each year, plots were planted with a nine-row drill with a 0.2 m row spacing at recommended seeding rates for each cultivar (Hardke 2013) . In mid-June of each year, N rates of 0, 45, 90, 135, and 180 kg of N/ha were applied to a dry soil as a single application of urea one day prior to flood application. A single, well-timed application of N fertilizer (an optimum preflood N rate of approximately 145 kg of N/ha, depending on cultivar) is currently an option for Arkansas rice producers, in comparison with the longstanding recommendation for split application (approximately 170 kg of N/ha, depending on cultivar) (Roberts and Hardke 2015) . The study was organized as a complete factorial design (3 cultivars × 5 N rates × 4 replications), with a total of 60 plots.
Harvesting and Conditioning of Rough Rice. The target HMCs (regardless of property measured, all mass percentages are reported on a wet basis [as is]) were consistent for all cultivars, at 23, 19, and 15%, all ± 1 percentage point (pp) and corresponding to early, optimal, and late harvest, respectively. For each harvest year, a maximum of 180 rough rice samples (3 HMCs × 60 plots) were collected over an approximately 45 day period. Immediately prior to harvest, HMC was determined for each plot by first hand-stripping 200 kernels of rough rice from six randomly selected panicles, and then promptly after collection measuring the moisture content (MC) of the kernels with a single-kernel moisture meter (CTR 800E, Shizuoka Seiki, Shizuoka, Japan). Within a cultivar, mean and standard deviation of single-kernel MCs varied little with respect to year or N rate (data not shown). Thus, to illustrate the effects of HMC level, summary statistics for the 180 kg of N/ha rate are shown for all cultivars harvested in the 2011 harvest (Table I) . Upon verification of appropriate HMC, sufficient panicles were handharvested from each plot and threshed on location by using a portable thresher (SBT, Almaco, Nevada, IA, U.S.A.), yielding approximately 1.5 kg of rough rice. The average MC of the 200 individual kernels was used as the 1.5 kg sample HMC. Threshed samples of rough rice were maintained at ambient temperature in cloth bags for transport to the laboratory.
Rough rice samples were cleaned with a dockage tester (XT4, Carter-Day, Minneapolis, MN, U.S.A.). Cleaned rough rice was conditioned to 12.5 ± 0.5% MC in a climate-controlled chamber (26°C and 56% relative humidity) regulated by a stand-alone conditioner (5580A, Parameter Generation and Control, Black Mountain, NC, U.S.A.). Conditioning of rough rice required from one to three days, depending on the HMC level. Rough rice MCs were measured by drying duplicate 10 g subsamples at 130°C for 24 h in a convection oven (1370FM, Sheldon Manufacturing, Cornelius, OR, U.S.A.) (Jindal and Siebenmorgen 1987) . Conditioned rough rice samples were stored in air-tight, zippered plastic bags at 4 ± 1°C and were equilibrated to room temperature (22 ± 1°C) for at least 24 h prior to processing.
Brown Rice Properties. Brown rice properties were determined by first dehulling a 100 g subsample of rough rice with a laboratory sheller (THU 35B, Satake, Hiroshima, Japan) with a clearance of 0.048 cm between the rollers. Any remaining rough rice or broken kernels were manually removed prior to subsequent analyses. Dimensions, comprising length, width, and thickness of 400 brown rice kernels, were quantified with a rice image analyzer (1A, Satake).
For total lipid content, 20 g of each brown rice subsample was ground in a cyclone mill (3010-30, UDY, Fort Collins, CO, U.S.A.) fitted with a 100-mesh (0.5 mm) sieve to produce brown rice flour. Total lipid content was determined for a 3 g subsample of brown rice flour with a lipid extraction system (Avanti 2055, Foss North America, Eden Prairie, MN, U.S.A.) according to AACC International Approved Method 30-25.01, with modifications to the petroleum ether washing duration, as described by Matsler and Siebenmorgen (2005) . Then, total lipid content was expressed as the mass percentage of extracted lipid relative to the mass of brown rice.
Crude protein content of brown rice was determined as the average of two scans of a 50 g subsample of intact kernels with nearinfrared reflectance (NIR, DA7200, Perten Instruments, Hägersten, Sweden). This methodology was conducted with intact brown rice kernels, in a similar manner to AACCI Approved Method 39-25.01 for whole-grain wheat. Prior to NIR detection of crude protein content for this study, NIR results from a sample set comprising brown rice and milled rice samples of various cultivars and milling durations (n = 40) were calibrated with corresponding determination of N following AACCI Approved Method 46-16.01 and subsequently converted to crude protein content (N × 5.95). The resulting formula, CP = 0:747 × CP NIR + 1:893 ðR 2 = 0:954; P < 0:0001Þ (1) represents the relationship between the approved and NIR methodologies, where CP denotes the crude protein content as determined by the approved method and CP NIR denotes that determined with the NIR method. Crude protein was reported as a mass percentage of protein relative to the mass of brown rice. Defects of brown rice kernels (fissures and chalkiness) were quantified. Fissured kernels were visually determined for brown rice kernels by using a grain scope (TX-200, Kett Electric Laboratory, Tokyo, Japan) designed specifically for observing the exterior quality of rice kernels. On evaluation of 100 intact kernels, fissuredkernel percentage was reported as a number percentage of brown rice kernels with one or more fissures. A digital scanning system (WinSeedle Pro 2005a, Regent Instruments, Sainte-Foy, Quebec, Canada) was used to determine chalkiness of brown rice. Chalkiness was reported as a percentage of total scanned area of 200 brown rice kernels in the manner of Ambardekar et al. (2011) .
Milling Yield and Head Rice Properties. Milling properties were determined for each sample. One milling subsample (150 g) of rough rice was taken from each sample and dehulled as described. The resultant brown rice was milled (McGill number 2, RAPSCO, Brookshire, TX, U.S.A.; equipped with a 1.5 kg weight on the lever arm, situated 15 cm from the milling chamber centerline) for a 30 s duration. The resulting milled rice mass was quantified, after which head rice was separated from brokens with a sizing device (61, Grain Machinery Manufacturing Corp., Miami, FL, U.S.A.), and the resulting mass of head rice was quantified. After the surface lipid content of head rice was estimated (see equation 2), MRY and HRY were then adjusted to a consistent degree of milling (0.4% surface lipid content) in the manner of Pereira et al. (2008) .
Head rice surface lipid content was determined as an indicator of degree of milling by using the previously described NIR system as described by Saleh et al. (2008) , with the sampling procedure described herein for brown rice crude protein content. Prior to NIR detection of surface lipid content for this study, NIR results from a sample set comprising various cultivars and milling durations (n = 40) were calibrated to surface lipid content results determined following AACCI Approved Method 30-25.01 as modified by Matsler and Siebenmorgen (2005) , for which lipid from a 5 g subsample of intact head rice kernels was extracted. The resulting formula, SLC = 0:871 × SLC NIR _ 0:092 ðR 2 = 0:976; P < 0:0001Þ (2) represents the relationship between the approved and NIR methodologies, where SLC denotes the surface lipid content as determined by the approved method and SLC NIR denotes that determined with the NIR method. Surface lipid content was reported as the mass percentage of extracted lipid relative to the mass of head rice. Head rice crude protein content was determined simultaneously with surface lipid content in the manner previously described for brown rice. Head rice crude protein content was reported as a mass percentage of crude protein relative to the mass of head rice. Head rice chalkiness was determined with the digital scanning system as described for brown rice and was reported as a percentage of total scanned area of 200 head rice kernels. Paste viscosities were determined according to AACCI Approved Method 61-02.01, for which 15 g of each head rice subsample was ground in the previously described cyclone mill to produce flour. Moisture content of each flour sample was determined by drying duplicate 2 g subsamples at 130°C for 2 h in the previously mentioned convection oven. Adjusted for MC, viscosities were determined on a paste of one 3 g subsample of rice flour in 25 mL of distilled water with a viscometer (RVA Super 4, Newport Scientific, Warriewood, NSW, Australia). The flour paste was held at 50°C for 1.0 min, heated to 95°C at 12°C/min, held at 95°C for 2.5 min, and cooled to 50°C at 12°C/min. Peak viscosity and final viscosity are reported as dynamic viscosity (cP).
Statistics. Statistical software (JMP Pro version 11, SAS Institute, Cary, NC, U.S.A.) was used for analysis of data. Coefficients of determination (R 2 ) for regression analyses and associated statistical significance (P values) were determined. For comparison of data, analysis of variance was conducted, and means were compared with the Tukey-Kramer honestly significant difference procedure (JMP Pro version 11). Statistical significance (P < 0.05) was determined, and significant differences were indicated with separateletter reporting. Although there were year interactions with both HMC and N rate, these were the result of year-to-year differences in magnitude of measured properties rather than differences in response trends. As a result, data were averaged across the 2011, 2012, and 2013 production years. Statistical significance of N rate, HMC, and N rate × HMC effects on brown rice properties are detailed in Table II , and milling yields and head rice properties are detailed in Table III . Statistical significance of the N rate × HMC interaction was infrequent and inconsistent across cultivars; moreover, such interactions resulted from N rates of 0 and 45 kg of N/ha, highly unlikely in U.S. production of rice. Thus, discussion will focus on main effects of N rate and HMC.
RESULTS AND DISCUSSION
Brown Rice Properties. Increasing N rates resulted in decreased kernel length for all cultivars and in decreased kernel thickness for Cheniere and Wells ( Fig. 1A and E). Kernel width was not affected by N rate, regardless of cultivar (Fig. 1C) . Limited reports of the impacts of N rate on rice kernel length were available, with focus on long-grain aromatic rice cultivars (Khalid and Chaudhry 1999; Mahajan et al. 2011) . Mahajan et al. (2011) reported static to slightly increasing kernel length in response to a Statistical significance indicated as * (P < 0.05), ** (P < 0.01), *** (P < 0.0001), or ns (not significant). Brown rice properties included kernel length, width, and thickness, total lipid content (TLC), crude protein (CP), fissured-kernel percentage (FKP), and chalkiness. a Statistical significance indicated as * (P < 0.05), ** (P < 0.01), *** (P < 0.0001), or ns (not significant). Properties evaluated include milled rice yield (MRY), head rice yield (HRY), surface lipid content (SLC), crude protein (CP), chalkiness, peak viscosity (PV), and final viscosity (FV). b Yield data were adjusted to a degree of milling of 0.4% SLC according to the method of Pereira et al. (2008). increasing N rates from 0 to 60 kg of N/ha, whereas Khalid and Chaudhry (1999) reported peak kernel length at 80 kg of N/ha followed by decreased length at 120 kg of N/ha. Decreasing HMCs from 23 to 15% levels also reduced kernel length for all cultivars, and for the CL XL745 and Wells cultivars, the 15% HMC level resulted in significantly reduced kernel length compared with either the 19 or 23% HMC levels (Fig. 1B) . Exhibiting a similar trend, kernel thickness was generally the greatest at the 23% HMC level, significantly declining at the 19% HMC level for the Cheniere and CL XL745 cultivars and at the 15% level for the Wells cultivar (Fig.  1F ). As observed with N rate, HMC level had no significant impact on kernel width (Fig. 1D) . Bautista et al. (2007) measured brown rice kernel dimensions at the actual HMC level, attributing a similar trend for decreasing kernel dimensions to increased kernel shrinkage associated with decreasing HMC. However, for this current report, all samples were dried to 12.5 ± 0.5% MC prior to measurement of kernel dimensions; thus, these observed differences were not attributable to kernel shrinkage. It is surmised that changing kernel dimensions are a response to a shift in harvested kernel population, discussed in greater detail in conjunction with results of brown rice chalkiness.
With respect to N rate, total lipid content was statistically different only at the lowest level (0 kg of N/ha) for a single cultivar, CL XL745 (Fig. 2A) . Both the 0 and 45 kg of N/ha rates are unlikely for production of rice in the mid-south United States; thus, total lipid content was considered to be unaffected by N rate. Decreased total lipid content of brown rice would be expected in more mature, completely filled kernels, because the lipid-rich bran layer forms early in kernel development, in advance of endosperm development (Lu and Luh 1991) . In response to reduced HMC levels, limited differences were observed only for the CL XL745 and Wells cultivars (Fig. 2B) , thus suggesting minimal increases in overall maturity of the harvested kernels in response to decreasing HMC levels.
Brown rice crude protein content increased consistently with increasing N rates for all cultivars (Fig. 2C) , agreeing with previous reports (Nangju and De Datta 1970; Seetanun and De Datta 1973; Perez et al. 1996; Ghosh et al. 2004; Ahmad et al. 2009 ). When increasing the N rate from 0 to 180 kg of N/ha, differentials of 1.2, 0.9, and 0.6 pp crude protein content were observed for the Cheniere, CL XL745, and Wells cultivars, respectively. Brown rice crude protein content also increased with decreasing HMC level (Fig. 2D) ; however, the 0.3 pp differences between the 15 and 23% HMC levels were unlikely to be of practical significance, as previously suggested by Champagne et al. (2005) .
Brown rice fissured-kernel percentages generally declined in response to increasing N rates (Fig. 3A) , although significant differences were observed only with the Wells cultivar. The fissuredkernel percentage data in response to increasing N rates suggest improved structural integrity of rice kernels, warranting further investigation. In contrast, the impact of HMC level on brown rice fissured-kernel percentages was significant for all cultivars (Fig.  3B) , with the greatest fissured-kernel percentages observed at the HMC level of 15%. Differences in fissured-kernel percentages were minimal between the 19 and 23% HMC levels, with statistical difference observed only for the Cheniere cultivar. Increased fissured-kernel percentages in response to HMCs below optimal levels agree with the findings of Siebenmorgen et al. (1998 Siebenmorgen et al. ( , 2007 .
Increasing N rates resulted in significantly decreased chalkiness of brown rice for the cultivars CL XL745 and Wells (Fig.  3C) , agreeing with the results of Ahmad et al. (2009) . The impact of increasing N rates was not significant for Cheniere, a typically low-chalk cultivar. However, brown rice chalkiness of all cultivars increased as HMC levels decreased from 23 to 15% (Fig.  3D ). Increased chalkiness is associated with loosely packed starch (Ashida et al. 2009 ). Thus, brown rice chalkiness likely decreased structural integrity of the rice kernel, exacerbating the impacts of fissured-kernel percentages at the 15% HMC level (Fig. 3B) . Moreover, increased brown rice chalkiness in response to decreasing HMC level suggests that the associated harvest delays resulted in a population shift to more late-maturing kernels of secondary quality.
Espinosa-Mendoza et al. (2012), Mohapatra and Sahu (1991) , and Mohapatra et al. (1993) indicate that early maturing kernels in superior positions on the rice panicle result in higher-quality kernels when compared with kernels in other, inferior panicle positions that mature later. Bautista and Siebenmorgen (2005) reported a bimodal distribution of individual kernel MCs at the equivalent of the 23% HMC level, suggesting that individual kernels associated with the lower-MC mode were kernels of advanced maturity and dryness. Illustrated with single-kernel MC data from the 2011 harvest (CL XL745 at the 180 kg of N/ha rate), the bimodal distribution is evident for the 23 and 19% HMC levels, with a remnant of the higher-HMC mode at the 15% HMC level (Fig. 4) . Mohapatra et al. (1993) also found that the earliest-developing kernels exhibited greater dry matter content, starch accumulation, and density than later-developing kernels. In relation to greater starch accumulation reported by Mohapatra et al. (1993) , Chen et al. (2008) found that kernels in superior panicle positions had greater HRY and reduced chalkiness than those in inferior positions. Lu et al. (1995) also reported increased shattering and predation of early maturing, high-quality kernels in association with harvest delays. The loss of early developing, high-quality kernels to shattering would exacerbate the shift to harvest of a greater proportion of lesser-quality kernels in response to reduced HMCs. The data presented here, including both decreasing kernel length and thickness (Fig. 1B and F) and increasing brown rice chalkiness in response to declining HMCs (Fig. 3D ), support such a shift to decreased overall kernel quality.
Milling Yields and Head Rice Properties. Increasing the N rate from 0 to 90 kg of N/ha resulted in consistently increased MRYs for the CL XL745 cultivar, with MRY of Cheniere and Wells only increasing when the N rate increased from 0 to 45 kg of N/ha (Fig. 5A) . Otherwise, when considering the 90-180 kg of N/ha rates that may be utilized in the mid-south United States, MRYs were stable. Depending on cultivar, MRYs increased from 0.8 to 2.3 pp in response to increasing N rates from 0 to 180 kg of N/ha, agreeing with trends reported by Nangju and De Datta (1970) . Regardless of cultivar, the 23% HMC resulted in reduced MRYs, ranging from 0.3 to 1.1 pp less than MRYs at either the 19 or 15% HMC levels (Fig. 5B) . The reduced MRYs at the 23% HMC level were likely a reflection of a larger proportion of immature kernels, as has been previously reported by Kocher et al. (1990) and Huck et al. (2012) . There were no statistical differences between MRYs of rice harvested at the 19 and 15% HMC levels (Fig. 5B) , likely reflecting only a limited increase in overall kernel maturity, as indicated by consequent declines in total lipid contents (Fig. 2B) .
The impacts of both N rate and HMC on HRYs ( Fig. 5C and D) were generally of greater magnitude than observed with MRYs ( Fig.  5A and B) . In response to increasing N rate, HRYs (Fig. 5C ) followed a similar trend to that of MRYs (Fig. 5A) . Depending on cultivar, HRY increases ranged from 4.6 to 11.4 pp as N rate increased, likely reflecting improved kernel integrity in response to increased crude protein content, as well as decreased fissured-kernel percentage and chalkiness of the brown rice kernels (Figs. 2C, 3A , and 3C). With respect to HMC, HRYs of rice harvested at the optimal HMC of 19% were numerically greatest but were not significantly different from rice harvested at the 23% HMC level (Fig. 5D) , with the slight differences likely the result of a greater proportion of immature kernels lost during dehulling and milling, as previously discussed. However, with further harvest delays to reach the HMC of 15%, HRYs declined significantly from maximum levels by 4.1, 11.1, and 13.2 pp for the cultivars Cheniere, CL XL745, and Wells, respectively (Fig. 5D) . Decreased HRYs at the 15% HMC level were attributable to both increased brown rice fissured-kernel percentage and chalkiness ( Fig. 3B and D) . Both N rate and HMC level impacted degree of milling, as indicated by surface lipid content ( Fig. 5E and F) . Regardless of cultivar, surface lipid contents increased by approximately 0.1 pp in response to increasing the N rate from 0 to 180 kg of N/ha. With respect to harvest management, decreasing the HMC level from 23 to 15% increased surface lipid contents by approximately 0.05 pp regardless of cultivar; however, surface lipid contents of the 19 and 15% HMC levels were not significantly different. All samples were milled for the same duration; thus, surface lipid contents increased in response to decreasing kernel dimensions (Fig. 1) , agreeing with the results of Chen et al. (1998) , who reported reduced degree of milling (i.e., greater surface lipid content) of thinner kernels fractioned after being milled in bulk. Thus, both increasing N rates and decreasing HMC levels would lead to extended milling durations to achieve a desired degree of milling.
Trends for crude protein content of head rice were similar to those of brown rice and increased with increasing N rate (Fig. 6A) . A small proportion of the increased crude protein content in response to increasing N rate was attributable to the consequently greater surface lipid content. Greater surface lipid contents indicate greater amounts of bran, and consequently greater crude protein content, remaining on milled kernels, because the crude protein content of the bran layer is greater in relation to the endosperm (Juliano 1993) . Head rice crude protein contents were not significantly affected by decreasing HMCs from 23 to 19% for any cultivar (Fig. 6B) . However, decreasing HMC to the 15% level resulted in significantly greater crude protein contents; this increase was likely in response to the previously discussed shift to harvest of late-developing kernels.
Chalkiness of head rice also followed similar trends to those of brown rice. Excepting the Cheniere cultivar, head rice chalkiness decreased in response to increasing N rates (Fig. 6C) , agreeing with the results of Perez et al. (1996) . Excepting the CL XL745 cultivar, head rice chalkiness increased with decreasing HMC levels (Fig.  6D) , agreeing with the results of Mohapatra et al. (1993) . Thus, increasing either N rate or HMC levels would decrease head rice chalkiness, potentially improving both the visual quality and enduse functionality.
Peak viscosities decreased by approximately 320, 400, and 270 cP for the Cheniere, CL XL745, and Wells cultivars, respectively, in response to increasing the N rate from 0 to 180 kg of N/ha (Fig. 7A) . These decreases in peak viscosity with increasing N rate were likely owing to a combination of increasing crude protein content (Juliano et al. 1964; Martin and Fitzgerald 2002) and increasing surface lipid content (Perdon et al. 2001) . However, when considering only the potentially applicable N rates of 90, 135, and 180 kg of N/ha, the differentials in peak viscosity were minimal, in the range of 135-200 cP. In response to decreasing HMC, significant increases in peak viscosity were observed between the HMCs of 23 and 15% (Fig. 7B) ; however, the overall increase in peak viscosities in response to decreasing HMC levels was minimal, approximately 100 cP, regardless of cultivar.
In the same manner as peak viscosities, final viscosities also decreased as N rate increased (Fig. 7C) . In response to increasing N rate, decreases were of lesser magnitude than those of peak viscosities, with final viscosities decreasing approximately 270, 120, and 200 cP for the Cheniere, CL XL745, and Wells cultivars, respectively. Again, when considering only the 90, 135, and 180 kg of N/ha rates, the differentials in final viscosity were further minimized, in the range of 45-110 cP. The impacts of decreasing HMC (i.e., delaying harvest) on final viscosities were similar to those on peak viscosities, with final viscosities increasing approximately 90, 70, and 120 cP for the Cheniere, CL XL745, and Wells cultivars, respectively (Fig. 7D) . Decreased peak and final viscosities were attributed to increased crude protein content resulting from either increasing N rate or decreasing HMC level, as previously reported by Juliano et al. (1964) and Martin and Fitzgerald (2002) . Decreased chalkiness was also associated with increasing N rate (Fig.  6C) , which would have contributed to increased viscosities, as previously reported by Lisle et al. (2000) , Ashida et al. (2009), and Chun et al. (2009) . Thus, decreased chalkiness likely muted the effects of increased head rice crude protein content (Fig. 6A) .
Peak and final viscosities increased minimally in response to decreasing HMCs (Fig. 7B and D) . Kester et al. (1963) attributed significantly increased viscosities at reduced HMCs to advanced kernel maturity and associated decreased amylase activity. However, the results reported herein indicate lesser increases in viscosities than would be expected for a kernel population of advanced maturity. Siebenmorgen et al. (2006) also reported only minor increases in peak viscosities of three long-grain rice cultivars in response to declining HMC levels, as well as no differences in a-amylase activities or amylose contents. Thus, the trends reported by Siebenmorgen et al. (2006) are inconsistent with a static kernel population of increased maturity; rather, they agree with kernel dimensions, chalkiness, crude protein content, and viscosity data presented here, supporting a shift to a population containing a larger proportion of later-developing kernels. Less-mature, latedeveloping kernels of increased a-amylase activity would likely contribute to reduced viscosities when admixed with kernels of advanced maturity, also supported by a-amylase activities and amylose contents reported by Siebenmorgen et al. (2006) . Moreover, increased crude protein content (Juliano et al. 1964; Martin and Fitzgerald 2002) and chalkiness levels (Lisle et al. 2000; Singh et al. 2003; Ashida et al. 2009; Chun et al. 2009 ) would have further suppressed viscosities of low-HMC rice samples.
CONCLUSIONS
With the exception of decreasing kernel length and thickness, increasing the N rate from 0 to 180 kg of N/ha positively impacted crude protein content, chalkiness, and milling yields of all three cultivars. Currently, in Arkansas, the approximate recommended N rate is 145 kg of N/ha for a single, well-timed application (optimum preflood N rate) (Roberts and Hardke 2015) . However, at the 135 and 180 kg of N/ha rates bracketing the recommended rate, kernel length and thickness were stable. Increasing N rate also resulted in increased surface lipid contents for all cultivars, indicating that longer milling durations would be required for rice receiving greater N rates. For all cultivars, increasing N rate produced trends of decreasing peak viscosity and final viscosity, reflecting increased crude protein content and decreased chalkiness. Trends in observed milling yields and physicochemical properties were consistent across the full 0 to 180 kg of N/ha range of N rates; however, when considering only the 90 to 180 kg of N/ha rates, significant differences were infrequent and inconsistent with respect to cultivar.
As HMCs decreased, kernel dimensions decreased and crude protein content and chalkiness increased. Reducing HMC levels from 23 to 19% resulted in slightly increased MRYs and stable HRYs, with expected gains in HRY resulting from increased kernel maturity being offset by increased chalkiness. Further delaying harvest to decrease the HMC to 15% did not impact MRYs but significantly reduced HRYs, a direct response to increased fissured-kernel percentage and chalkiness. In addition to the obvious negative impact to HRY, harvesting at the 15% HMC level would also decrease kernel size and increase chalkiness of head rice. In contrast to the decreased viscosities associated with increasing the N rate, decreasing HMC levels had little impact on paste viscosities.
Significant interactions between N rate and HMC level were infrequent and inconsistent with respect to the property measured and cultivar. Moreover, such N rate × HMC interactions were the result of the 0 and 45 kg of N/ha rates, not utilized in U.S. rice production. Thus, at rates potentially used in U.S. production of rice (90 kg of N/ha or greater), changing N rate did not exacerbate or minimize the effects of either the 23% (i.e., early harvest) or the 15% HMC (i.e., delayed harvest) levels.
The response of measured indices to the 15% HMC level (i.e., delayed harvest) suggests a shift in kernel population, inclusive of a greater proportion of late-maturing, chalky kernels; thus, harvest delays to achieve HMCs less than the 19% HMC level likely sacrifice rice quality in the process. Moreover, in-field drying to the 15% HMC level greatly increased the potential for kernel fissuring in response to rapid moisture adsorption events. Thus, economic gains realized from extensive in-field drying to HMCs below the optimal 19% level ) would likely be countered by reduced HRYs and diminished quality of the harvested rice.
